Influence of the strategies and biomechanical parameters on the capacity to handle balance perturbation: a numerical assessment 
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Introduction
Fall is a major issue especially in the community-dwelling elderly population. Consequences can be extremely severe (fractures or even death) and lead to a loss of autonomy (World Health Organization 2007) . Identifying balance recovery (BR) parameters which strongly influence the success of BR process would be a very interesting track in order to train elderly on their identified physical weaknesses and consequently improve their ability to restore their balance.
BR process has been primarily investigated using an experimental approach. It allowed, for example, to define the BR characteristics such as the step length, aging effect, timing, etc., for different population and experimental conditions (McIlroy & Maki 1996; Wojcik et al. 1999; Hsiao-Wecksler & Robinovitch 2007) . However, it is extremely complex to experimentally manipulate the different neurological or biomechanical parameters influencing the BR. As such, there still is a lack of knowledge about their role and influence on the BR process and on the outcome of a given perturbation.
To fill this gap, there is a need of a BR model that: (1) includes several BR strategies, in particular the change of support type of strategy (e.g. protective steps); (2) describes the use of these strategies by parameters that are linked to neurological and biomechanical factors; (3) is able to predict the outcome of a perturbation; (4) is validated against human experimental data.
We recently proposed such a model and two sets of parameters representing young and elderly population groups. This model matched experimental observations about the maximal release angle that can be handled using the fixed-support strategies and a protective step (Robert & Vallée 2014; Vallée et al. 2015) .
Through this paper, we propose to use this model to investigate the influence of the parameters describing the recovery actions on the maximal initial release angle that can be handled. The analysis will be performed at the level of the BR strategies (ankle, hip, and protective stepping) and, through a sensitivity analysis, at the level of the neurological (timings) and biomechanical parameters (strength, ability to step, base of support (BoS) limits) describing the use of these strategies. For concision, these analyses will only be presented for the set of parameters representing the elderly population.
Methods

Model, recovery reactions, and BR condition
The human body is represented as an inverted pendulum mounted on a massless foot-like BoS, with a concentered mass at the center of mass (CoM) and with a flywheel (FW) centered at the CoM. The three main BR strategies are thus represented and supposed to be used at their maximum: (1) After a reaction time (RT), the center of pressure is instantaneously shifted toward the edge of the BoS (ankle strategy); (2) Also after the RT, the FW is launched following a bang-bang acceleration profile constrained by its maximal torque (T max ) and its maximal angle of rotation (α max ). This profile represents the segments' angular momentum effects (hip strategy); (3) After an additional delay from the RT called step-preparation time (SPT), a protective step can be triggered. It represents a BoS extension which is bounded by the swing foot maximal acceleration (A max ) and, if reached, by its maximal final position (L step ). The parameters describing the use of these strategies for the elderly population group are given in Table 1 .
In this study, we foccus on tether-release perturbations: the model is released from an initial forward leaning posture. The BR threshold is the maximal release angle from which the model could restore its balance.
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An increase in L step by 10 cm or a decrease in SPT by 10 ms induces an increase in the BR threshold of 2° and 0.7°, respectively. Other parameters as the RT, α max , A max , and functional BoS size have a smaller influence on the threshold evolution with a K value between −0.26 and 0.3.
This model showed that the most important strategy to be able to recover a large TR perturbation is the ability to perform a recovery step. This step has to be the furthest possible but also has to be initiated as soon as possible with a reduction in the SPT corresponding to anticipatory postural adjustments needed to trigger the step. The influence of the RT is less important because its duration is already short compared to SPT (see Table 1 ).
Conclusions
To sum up, we propose an investigation of biomechanical parameters of a numerical model previously validated with experimental data from the literature. First results confirm that triggering a step is a very effective way to handle large perturbations (more than using fixed-support strategies). But, this model also provided a quantitative evaluation of other BR parameters which cannot be investigated experimentally. Further developments have to be done in order to integrate more complex and realistic perturbations in various directions but also other BR reactions as for example grasping. Nonetheless, these results highlight the importance of the protective stepping on the ability to avoid a fall and provide interesting insight into the detection and care of the person at higher risk of fall.
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Parameters assessment
Firstly, we determine the BR threshold for different combinations of the three recovery strategies (ankle, hip, and protective stepping strategy can be canceled by setting the Functional BoS, T max , or L step to zero, respectively). Then, we performed a sensitivity analysis on the BR parameters. Each parameter is varied from 50 to 150% of its initial value and the obtained thresholds (θ) are compared to the reference threshold θ ref . A linear regression is then fitted between the percentages of variation of the studied parameter and the induced percentages of variation of θ. The slopes (K) represent the influence of each parameter on the BR threshold.
Results and discussion
The stepping strategy is from far the most influent strategy (see Figure 1) . The influence of the ankle and the hip strategy appears to be slightly equivalent.
The sensitivity analysis confirmed this first approach. Parameter variations are linearly linked to the induced variations of the BR threshold (see R² in Table 1 ). The maximal step length (L step ) and the SPT are the most influent parameters with a K coefficient of 0.8 and −0.5, respectively. 
